ABSTRACT
Magnesium is an essential (macro) mineral in vertebrates with many biochemical and physiological functions including activation of enzymes, involvement into metabolic pathways, regulation of membrane channels and muscle contraction. Despite these important functions, Mg ++ homeostasis is not regulated by hormones, but depends on absorption from the gastrointestinal tract, requirement of the body, and excretion via the kidneys. The present review summarizes data on epithelial Mg ++ transport in the gut via paracellular and cellular pathways. Paracellular movement of Mg ++ is only important in leaky epithelia as in the small intestine. The transcellular transport of Mg ++ , luminal uptake and basolateral extrusion, require membrane proteins which increase the low permeability of the membranes and facilitate the movement of Mg ++ through these lipid bilayers. Proposals have been made how these proteins could mediate Mg ++ transport. There is now a growing body of evidence for a PDdependent luminal Mg ++ uptake via a carrier or channel. Furthermore, PD-independent uptake mechanisms have been demonstrated which may be represented by Mg ++ /2cation + exchange or co-transport of Mg ++ with anions. The mechanism of a basolateral extrusion is not clear. A Na + /Mg ++ exchange, well characterized in nonpolar cells, has been suggested which leads to the proposal that there is a secondary active transport system for Mg ++ . It can readily be learned from this fragmentary knowledge of transepithelial Mg ++ transport that future research must be directed to a study of the relevant membrane proteins (carriers or channel for Mg ++ ) in order to close the gap between the incompletely described epithelial Mg ++ transport mechanisms and the well established transport systems, e.g., sodium or glucose.
INTRODUCTION
Magnesium is an essential mineral in vertebrates and is the fourth abundant cation in the body, within the cell second only to potassium. It has long been known that a large number of enzymes, in particular those involving phosphate compounds such as ATPases, kinases and phosphatases, require Mg ++ for activation (36). Mg ++ is involved with several physiogical and biochemical processes including synthesis of RNA, DNA or protein and stabilization of membranes (102). Recently, it has been shown that Mg ++ plays an important role in the regulation of membrane channels (81, 95) as well as excitationcontraction coupling in skeletal muscle (53). Knowledge of the functional compartmentation of intracellular Mg ++ led to a better understanding of these multiple effects (35, 63) .
It can be recognized from these many functions that Mg ++ depletion causes disturbances which may have potentially serious consequences for patients (5) and which are life-threatening, for example in ruminants where hypomagnesemia leads to tetany (74) . Surprisingly, despite the essential role of Mg ++ for many vital functions, Mg ++ metabolism is not under control of hormonal regulation. The reasons for the missing hormonal regulation are not clear, but the consequences are quite evident: Mg ++ homeostasis is mainly determined by (1) absorption from the gastrointestinal tract, (2) requirement of the body, and (3) excretion via the kidneys.
It is the intention of this review to summarize data on the first step of Mg ++ homeostasis: Localization and mechanisms of epithelial Mg ++ transport in the gastrointestinal tract. Transport of Mg ++ across biological membranes has comprehensively been reviewed (6, 25) and will only be considered under the aspect of comparative physiology. Mg ++ absorption from the gut is influenced by certain dietary components, as reviewed by Brink and Beynen (11 (2) . It is possible that this reduced Mg ++ absorption is caused by secretion into the small instestine, because we found a linear and positive correlation between the blood Mg ++ concentration and net secretion into the entire small intestine (Martens, unpublished) and because neither hyponor hypermagnesemia changed net Mg ++ absorption from the rumen of sheep (70) .
Thus, the present data do not support the conclusion that Mg ++ absorption from the gut is regulated by requirement or intake. There is some evidence that passive and very likely paracellular backflow (secretion) in the "leaky" small intestine correlates with blood Mg ++ concentration and hence may have minor effects on net absorption.
Site of Mg
++ absorption Kayne and Lee (49) have carefully reviewed the literature on the site of Mg ++ absorption and concluded from in vitro studies with rats that "the distal small intestine, in particular the ileum, and the colon are the site where bulk of Mg ++ is absorbed". Evaluating the data from studies in man with the entire, undisturbed intestinal tract led to a slightly different conclusion. Cumulative absorption of Mg ++ after an oral dose of 28 Mg ++ supports the assumption that the main site of Mg ++ absorption is the small intestine and that no absorption occurred in the colon (49). Indeed, the available data are confusing, because in rats Mg ++ absorption has been demonstrated to take place in the small intestine (4, 19, 20, 62, 78, 83) , the caecum (82, 85, 93) and the colon (71, 85 (77) , where the proximal part of the small intestine exhibits a net secretion of Mg ++ , while net absorption occurs in the ileum and colon (77) . In horses, Mg ++ is mainly absorbed from the small intestine (46), which is probably also the case in rabbits (1 (91) . Studies of primary hypomagnesemia in man lead to the suggestion that "the abnormality in these patient is a defect in carrier-mediated transport of magnesium (in the small intestine) from low intraluminal concentrations of magnesium" (75).
Principles of epithelial transport 3.3.1. Transepithelial pathways
It is generally accepted that epithelia lining the gut have the capability of absorbing water, nutrients and electrolytes and serve as barriers between the lumen and the internal milieu of the body (79 ++ uptake across the luminal and extrusion across the basolateral membrane must be considered under the aspect of the underlying driving forces in order to distinguish between passive and active (primary or secondary) transport.
Transport proteins
Studies of the transcellular transport of hydrophilic solutes across two (lipid) membranes in series have very early led to the conclusion that these membranes must have the capability to increase the low permeability for solutes. This suggestion was first substantiated by the observation of Koefoed-Johnsen and Ussing in frog skin (51). These authors proposed that, for electrogenic Na transport in frog skin, there is a selective permeability for Na in the apical membrane ("outside surface"), which allows the diffusion of Na into the cell, as well as a mechanism for active transport in the basolateral membrane ("inner border"). This so called Koefoed-Johnsen Ussing model of transepithelial Na transport has been confirmed for many tissues (for review see 32) and is now generally accepted for transepithelial transport of electrolytes and nutrients. Research activities were then focussed on characterization of membrane components which permit the passage of hydrophilic solutes. These efforts led to the proposal and final verification of the existence of membrane proteins which serve as carriers, channels or pumps. The "selective permeability" of the apical membrane of frog skin mentioned above turn out to be a Na + channel which is now known to consist of a primary structure (15) with three homologous subunits (16) . It is well established that the "active mechanism in the basolateral membrane" is represented by the Na,K-ATPase or Na pump which uses the energy from the hydrolysis of one molecule of ATP for the transport of three Na + ions out of the cell in exchange for the uptake of two K + ions. In addition the primary structures of the Na,K-ATPase including isozymes are known (9) . Similar progress has been made in understanding transepithelial glucose transport (99) which finally lead to the differentiation between "primary" (sodium) and "secondary" (glucose) active transport.
Unfortunately, this rapid advancement of knowledge in epithelial solute transport does not or only to a small extent, apply to Mg ++ . We are only at the beginning of the discussion of the possibility of involving membrane proteins as carriers or channels for Mg ++ (see below). ] is far below its Nernst equilibrium. Consequently, luminal Mg ++ uptake (as an ion) driven by the electrochemical potential into an epithelial cell is passive, whereas basolateral extrusion of Mg ++ out of the cell is an active transport. This simple approach for uptake and extrusion becomes more complicated if exchange or co-transport systems are involved (see below).
Driving forces

Magnesium transporting epithelia
Epithelia for transporting Mg ++ are found in the gastrointestinal tract (4, 7, 47, 64, 101) The transepithelial mechanisms of Mg ++ transport are even more complex than those across single membranes. These complexities arise because there are transcellular and paracellular pathways for Mg ++ transport and because epithelial cells do not have homogeneous cell membranes. Instead, the apical membrane facing the external environment, e.g. the lumen of the gut, has functional properties different from the basolateral membrane facing the internal environment, the interstitial fluid.
The different segments of the gastrointestinal tract are characterized by different permeabilities to water and electrolytes. These marked differences are related to the properties of the paracellular or shunt pathway and therefore to the properties of tight junctions. Hence, net intestinal Mg ++ absorption or secretion is not only determined by cellular mechanisms but also results from passive Mg ++ flux across the paracellular shunt pathway, which could be the predominant pathway in leaky epithelia. Studies of net Mg ++ transfer in leaky epithelia always raise the question of how much Mg ++ is transported via the paracellular and how much via the transcellular routes.
Paracellular Mg
++ transport Passive Mg ++ movement might be most effective in leaky epithelia of the gastrointestinal tract proximal segments (small intestine), where only a small fraction of the total tissue conductance can be attributed to transcellular ion flow across the mucosal and serosal membranes; the remainder (at least 85%) is a consequence of ion movements, mainly of Na + , K + and Cl -, through high transport. The author demonstrated that magnitude and direction of water movement have a marked influence on Mg ++ transport in the rat ileum and colon. Net transfer took place almost exclusively in the presence of net water absorption. Since the rate of water absorption was a linear function of net solute transport, the influence of a given solute on net Mg ++ absorption was proportional to its ability to generate passive water transport across the ileal and colonic epithelium. Mg ++ transport was enhanced by the transport of sugars, urea and by osmotic pressure (hypotonic mannitol solutions). The effect of sugar was not dependent on the transport of the sugar or metabolic energy, but was constantly coupled to an increase in net water flow.
These data support the assumption that flow and direction of passive Mg ++ transport through the paracelluar pathway is solely determined by electrochemical gradients or flow of water. However, these results do not mean that the passive Mg 
Transcellular Mg ++ transport
Net movement of an ion in the absence of electrochemical gradients and its dependence on metabolic energy has been taken as evidence for the presence of an active, presumably cellular, mechanism. According to these criteria, Mg ++ transport in the mucosal-serosal direction is partly cellular in the ileum and colon of the rat and in the forestomachs of ruminants, whereas Mg ++ flux in the reverse direction is purely diffusive in all these tissues (47, 48, 67).
Transcellular intestinal Mg
++ transport (or absorption) may be regarded as a three-step process, consisting of (1) entry into the epithelial cell from the lumen, (2) transit through the cytosol and (3) extrusion from the cell, across the basolateral membrane. It has been speculated (6) that the transcellular pathway plays only a minor role in net Mg 2+ absorption under normal conditions, because solvent drag via the paracellular pathway dominates as long as net solute and water movement across the colonic epithelium proceeds from lumen to blood. In contrast, during diarrhea the colon secretes water and solutes. Under these conditions osmotic water and solvent drag of Mg ++ through the paracellular pathway probably reverses, leading to Mg ++ losses and clinically observed hypomagnesemia (24) . (17, 65) and have shown that the reduced net Mg ++ transport at high ruminal K + concentrations is closely correlated with electrophysiological changes within the rumen epithelium. a) There is a positive correlation between the (log) K + concentration of the ruminal fluid and the transepithelial potential difference (PD t ) (23, 45, 92; see Table 3 Table 2 ). These observations led to a preliminary model of luminal uptake of Mg ++ in the rumen epithelium (55, 67) which suggests that Mg 2+ enters the apical membrane by a PD-dependent, PD-sensitive orbecause K + influences PD a -K + -sensitive transport mechanism via a conductance or a carrier. The predominant driving force for this Mg ++ uptake is probably PD a and to a lesser extent the chemical gradient between the luminal and cytosolic Mg ++ concentrations.
Basolateral efflux of
The hypothesis of a PD-dependent Mg ++ uptake is supported by some recent data obtained from Studies with isolated REC are in agreement with in vivo and in vitro observations and are consistent with the hypothesis that luminal Mg ++ uptake is driven by an electrochemical gradient via a channel or carrier.
However, a second PD-independent uptake mechanism has been demonstrated in the rumen epithelium of sheep. This PD-independent uptake is dependent on luminal short chain fatty acids (SCFA), CO 2 58) . SCFA are the predominant anions in the ruminal fluid and are readily absorbed by the stratified epithelium of the rumen (13) . Therefore it was hypothesized that the supply of H + for the exchange may come in part from intracellular dissociation of SCFA that were absorbed in their non-ionized form by diffusion (13) , and from the intracellular hydration of CO 2 produced in the lumen by microbial fermentation and in mucosa by SCFA catabolism. With such a model, the effect of Cl -withdrawal could be explained by a reduction of the Cl -/HCO 3 -exchange activity that is present in the ruminal epithelium (18, 66 (22, 26, 27, 37, 38, 39, 41, 42, 60) .
In Figure 1 a tentative model of ruminal Mg ++ transport is depicted. In contrast to other epithelia of the intestine, the passive and paracellular Mg ++ permeability of the rumen epithelium is low and Mg ++ absorption is mainly mediated by a transcellular process.
PD-dependent influx:
Mg ++ influx into the cytosol across the apical membrane is probably a passive process Basolateral extrusion: Extrusion of Mg ++ is an "uphill" transport and is probably coupled to the electrochemical gradient of Na + . There is some evidence for the existence of a Na + /Mg ++ exchange mechanism using the inwardly directed Na + gradient to promote Mg ++ efflux.
PERSPECTIVES
The first steps for a better understanding of epithelial transport of Mg ++ in the gut have been made. Since general principles of epithelial transport have been established for many years for a variety of solutes, the transfer of this knowledge for Mg ++ transport has considerably advanced information on epithelial passage of Mg ++ . A reliable approach has been supposed for estimating the driving forces of Mg ++ uptake and basolateral extrusion. Future research should be directed to characterising the proteins which are involved in transfer of Mg ++ across membranes. These studies should include verification of the suggested transfer mechanisms (cotransport, exchange system), purification and isolation of the proteins (channel, carrier) and finally identification of their molecular structures. Furthermore, the possible regulation of epithelial Mg ++ transport is not well understood. What are the mechanisms which adapt luminal Mg ++ uptake to basolateral extrusion? Because the driving forces across the apical membrane are very high, regulation of Mg ++ uptake appears to be an obligation in avoiding unphysiological increases of [Mg ++ ] i . The well known saturation of the Mg ++ transport mechanisms in some epithelia supports the assumption of regulated uptake, and suggests that luminal uptake is the rate limiting step in epithelial transport as has been shown for Na + (99). "Selfinhibition" (modulation of channel activity by the apical Na + concentration) or "feedback inhibition" (downregulation due to Na + transport across the luminal membrane) are discussed as possible mechanisms for saturation of luminal Na uptake. Corresponding information is not available for epithelial Mg ++ transport. 
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